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SUMMARY

The construction of underground drainage structures in accordance with the
high safety standards developed for the Interstate Highway System has led to
increased costs for culvert installations. One proposed method of reducing
culvert costs is the induced trench proecedure developed by the late Dean Marston
of Towa State Coilege. Although the method is known to result in a substantial
reduction in loads on a culvert, the magnitude of the load reduction has not
been clearly defined.

An important parameter used in the analysis of the induced trench is the
settlement ratio. This ratio indicates the amount of differential settlement
occurring between the column of soil directly above the culvert and the adjacent
soil and is used to determine the magnitude of the loads acting on the culvert.
If the settlemeﬁt ratio for an induced trench installation can be established,
the working loads acting on fhe culvert can be estimated with reasonable accuracy.
Because current knowledge of the settlement ratioc is based on limited experi-
mental data, an evaluation of the settlement ratio is needed from a number of
field installations to establish criteria for designing culverts constructed by
the induced trench method.

This research project was undertaken in 1973 with the construction and
instrumentation of a 7- x 7-ft .(2.13- x 2.13-m) reinforced concrete box culvert
bedded on rock and imstalled, by the induced trench method, under varying fill
heights up to 100 £t (30.48 m). The instrumentation consists of settlement
measuring degices for determining the settlement ratlo and the location of the
plane of equal settlement. The culvert barrel is inmstrumented with strain gauges

to indicate the load behavior for analysis of the soil-structure system.




An electro-magnetic differential transformer (EMDT) was designed and fabricated
for use on the project. This device appears to have great potential as a means
of measuring embankment settlements.

This report describes the construction and instrumentation of the induced
trench installation under a high fill. Alsoc included are problems encountered
during instrumentation and recommendations for future instrumentation of similar

projects. A final report will cover.the data amalysis.
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CONSTRUCTION AND INSTRUMENTATION OF INDUCED
TRENCH EXPERIMENT UNDER HIGH FILL

INTRODUCTION

The low profiles and flat grades of the Interstate highway system have
required the comstruction of relatively long culverts under high earth fills.
Accordingly, the cost of comstructing the culverts with sufficient strength
to withstand the heavy overburden loads has greatly increased. A means of
reducing the load on such culverts could provide considerable savings.

The induced trench method of culvert construction has been used success—
fully to reduce the earth loads on culverts under normal fill heights.
Although a reduction in loads is known to be substantial, the magnitude of
the load reduction has not been clearly established. A designer attempting
to analyze a culvert to be installed by the induced trench method is handi-
capped by the lack of supporting data, and must make certain design
assumptions which are thought to be conservative.

The concept of installing underground conduits by the induced trench
method was first introduced in the early 1920's by Dean'Anson.Marstah;{nénd\
analyzed mathematically in 1950 by M. G. Spanglerzf both of Towa State
University. The purpose of the induced trench, which is constructed by remov-
ing a prism of material directly above the culvert and refilling the trench
with a loose compressible material, is to insure that the column of soil
directly above the culvert will settle downward relative to the adjacent
soil within the embankment. The differential settlement produces shearing
forces which act upward on the columm of soil above the culvert and which
reduce the load acting on the culvert. Theoretically, the magnitude of the

differential movement will diminish to zero at some distance above the top of




the culvert and below the top of the embankment. The plane at which the relative
movements cease and above which no shearing férces act is termed the plane of
equal settlement. The concept of a plane of equal settlement beneath the top

of the embankment is an important factor when considering the use of the induced
trench, because the formation of such a.plane means that differential settlement
will not occur throughout the height of the embankment and a localized sag will
not occur in the roadway.

Several states have reported favorable results from the use of the induced
trench. Montanail used the induced trench to reconstruct an 18.5-foot (5.64-m)
diameter structural plate pipe.with up to 83 feet (25.30 m) of rock fill after
failure of the original struéture. The induced ftrench was constructed using a
3-foot (0.91-m) layer of baled straw above the culvert to reduce the vertical
load on the structure. The instrumentation consisted of strain, pressure, and
settlement-measuring devices. The investigation showed that the imperfect
trench functioned in essentially the anticipated manner and limited the vertical
load to approximately half the weight of the overburden.

The Kentucky Department of Highwaysé/ installed a 48-inch (1.22—m5 Class III
reinforced concrete pipe partially by standard bedding methods and partially by
using the induced trench method. A total of 102 4-foot (1.22-m) pipe sections
from a design length of 140 sections were placed by standard bedding methods.

The remaining 37 sections actually placed were installed by the induced trench
procedure. Distress in the form of cracks as wide as 1/4 inch (6.4 mm) was
" .observed in the pipe laid by conventional metho&s; however, no distress was
observed in that portion of the pipe installed by the induced trench method.
In 1960, the Illinois Department of Transportation and the American Concrete

Pipe Association conducted a research studyéf to determine values of the




settlement ratio and‘the'loadS'acting on'a 48=inch (1.22-m) RC pipe culvert under
30 feet (9.14 m) of fill installed by the induced trench method of construction.
The results of the study indicated that the settlement ratio was within the range
of -0.3 to —0.5, which agrees with theoretical values recommended for.the induced
trench method of construction. A comparison of the theoretical and measured loads
acting on the culvert indicated that the measured loads were about 50 percent of
the theoretical loads. The results of the study indicated that the theory was
rational and it was recommended that the theory, which appears to be comnservative,
is acceptable and should be used. The study also suggested that further studies
be made, especially under higher fills.

A second study was undertaken in 1973, with the construction of the project
completed in the latter part of 1977. The project included "instrumentation of a
7~ x 7-foot (2.13=:%2.13-m) concrete box culvert bedded on rock and installed
under varying fill heights up to 100 feet (30.48 m). The instrumentation consists
of settlement-measuring devices for determining”the settlement ratio and the
location of the plane of equal settlement. The culvert barrel is instrumented
with strain'gsng&;to‘indicate'the'load'behavior“forVanalysis‘of the soil-structure
system.

~This report describes the construction and imstrumentation of the induced
trench installation under a high fill. The experimental culvert is incorporated
in the construction project identified as FAI 474, Sectiom 72-3, Project
(I-474-7( ). The site is located in Peoria County near Peoria, Tllinois

(Figure 1).

THEQRETICAL CONCEPTS
The purpose of the induced trench is achieved as the column of soil above

the culvert settles downward relative to the adjacent compacted soil. The
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relative movement generates shearing forces which act upward on the interior
prism of soil as illustrated in Figure 2. The shearing forces support part of
the weight oflthe column of soil above the conduit, thereby reducing the load on
the culvert.

If the embankment is sufficiently high, the shearing forces may terminate
at a horizontal plane within the embankment which is termed the plane of equal
settlement. Above this plane no relative settlements occur and no transfer of
load takes place. If the embankment is not sufficiently high, no plane of equal
settlement will develop beneath the top of the embankment. 1In that case,
differential settlement will occur throughout the height of fill above the
culvert. This situation, which is térméd the complete ditch condition, possibly
could result in a localized sag in the roadway. One of the engineer's primary
concerns when considering the use of the induced trench is the possibility of an
eventual settlement of the roadway abové the culvert.

When measuring the settlement at a conduit, it is convenient to establish
a horizontal reference plane, which is usually referred to as the critical plane.
In the case of the induced trench,=the_critical plaﬁe is. the horizontal plane
which passes through the top of the trench (Figure 2). The top of the trench is

located at a distance p' B, above the top of the culvert where the projection

d
ratio (p') is the ratio of the distance between the top of the trench and the top
of thelconduit to the width of the induced trench (ﬁd).

An important patrameter to be considered when analyzing the induced trench is
the settlement ratioc. This ratio is an indication of the magnitude of the
relative movements of the prism of soil directly above the conduit and the adjacent

gsoil and .is used in computing the design loads on the culvert.  The settlement

ratio for the induced trench is calculated by the following formula:
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1) Ted = 5, ~(8y18,Hd)
54
Where T~ settlement ratio

Sg = gettlement of the compacted embankment at the level of
the top of the tremch and adjacent to the sides of the
trench

Sd = deformation of fill from the top of the culwvert to the
top of the trench

Sf = settlement of flow line of conduit

dc = shortening of the vertical dimension of the culvert

On the basis of the computed settlement ratioc, charts have been developed
by Spanglerszhereby'the theoretical lovads on the conduit can be determined from

the following formula:

) W, = CwB
Where Wc = load per linear foot of conduit
Cn = a load coefficient which is a function of the ratio of the

height of fill to the width of ditch H/Bd; of the
projection ratioc p'; of the settlement ratio LIPH and of
the coefficient of internal friction u

w = unit weight of backfill '

Bd = width of trench = width of culvert

In the derivation of the load theory for underground conduits, Marston
pointed out that the influence of“the coefficient of internal friction (u) of the
fill material is relatively minor and, therefore, the product of Rankine's
lateral pressure ratio (K) and the coefficient of internal friction may be safely

assumed: equal to 0.13 for the induced trench.




Since the culvert under investigation in this study is bedded upon rock, no

settlement of the flow line should occur. Therefore, the term 5. in the equation

£
for the settlement ratio can be assumed to be negligible. The equation eriginally
was derived for a pipe culvert installed by the-indﬁcedjtrench-method._ The

term dC for a pipe would reﬁresent a shortening of the vertical pipe diameter.
Because the corners of the rigid frame box culvert to be studied should have a
very small vertical deflection, the effect of dc on the settlement of the column
of soil above the culvert should be slight and for all practical purposes can be

considered negligible. The equation for the settlement ratio of the culvert under

study then reduces to the following:

(3} ‘ rsd = i_......_d__

CONSTRUCTION

The culvert construction site was located in a natural ravine which had a
depth of approximately 100 feet (30.78 m) and a calculated drainage area of 374
acres (151.35 hectares). As the I-474 highway would cross this ravine trans-
versely, a high fill would be necessary to attain pavement grade level. -The £ill
area would vary up to 110 feet (33.53 m) in depth and have a width, parallel to
the culvert, of 726 feet (221.28 m).

Construction of the project began in June 1976 with the excavation of a
735-foot (224.03-m) long trench to a depth of approximately 12 feet (3.66 m).
The base width of the excavation remained more or less constant at 12 feet, while
the top width varied depending on compesition of material in that section. The
sidewall. slope varied from near vertical to approximately 1l:1.(Figure 3).

A lean—mix concrete pad of varying thickness was used to seal the exposed

surface of the bedrock from seepage of underground water and to level the surface




View of trench excavation for culvert.

Figure 3.
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of the bedrock (Figure 4). The 7- x 7-foot (2.13- x 2.13-m) reinforced coucrete
box culvert was then constructed in place using 'standard construction methods
(Figure 5). Construction of the box culvert was completed during August 1976,
followed by backfillipg with sand; then placement of fill commenced.

When fill height became sufficient, approximately 11 feet (3.35 m) above the
barrel, a 10~ x 10- x 587-foot (3.05- x 3.05- x 178.92-m) trench was excavated
directly over the culvert. This trench was' then filled to a depth of 3 feet
(0.91 m) with loose straw, followed by a 7-foot (2.13~m) layer of compressible top
soil containing some sod (Figure 6). A 2-foot (0.61-m) layer of fill material was
placed over the trench to provide a temporary:seal covering. - The remainder.of the
embankment was completed din the usual manmer.

Several delays in embankment construction occurred due to perjodic wet or

cold weather. The embankment was completed .to. grade during May 1978,

INSTRUMENTATTON

Instrumentation of the culvert constructien project consisted of the following

four types:

1) Electrical strain gauges placed transversely on the reinforcement bars
inside one sidewall = and the top slab totaling six gauges at one location
in the barrel.

2) Electrical strain gauges on the exterior surfaces of the sidewalls and
top slab of the culvert, totaling seven gauges at one tramsverse location.

3) Whittemore strain measuring plug devices on the interior surface of the
sidewalls and top slab of the barrel, at oene transverse locatiom.

4) Settlement measuring devices installed in groups of three at three

different fill-height locations.
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Lean-mix concrete used to seal rock foundation.

Figure 4.
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Reinforced concrete box culvert comstruction using standard construction methods.

Tigure 5.
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Individual strain gauges were placed on the reinforcement bars at three

locations on the top reinforcement bars of the top slab, and at three locations

- on the outside reinforcement bars of one sidewall,. Two other identical strain

gauges were mounted on individual short units of steel reinforcement bar and
imbedded in the ceiling section to complete the electrical circuits necessary for
reading the gauges. All strain gauges were mounted on #7 (22.2-mm dia.) size
reinforcement bars. Reinforcement bar 'gauge locations were ground to a smooth
flat finish and gauges applied with a phenolic—epoxy bonding agent. A durable,
protective covering was then applied using an epoxy-type waterproofing agent
(Figure 7). The six strain gauges were mounted on four sections of reinforcement
bar, which were intercomnected within a single vertical plane parallel to the
cross section of the culvert (Figure 8). FElectrical wire cables were run from
each gauge location within the sidewall’ and top slab to a central collection
point in the top slab. . The wiring was then routed through the lower surface of the
top slab into a large electrical connector:'located within a waterproof steel box
mounted on the underéide of the ceiling (Figure 9).

Electrical strain gauges for gauging conerete strains were attached to the
exterior surfaces of the box culvert at the same locations as the reinforcement-
bar mounted strain‘gauges. One additional location was included at the center of
the opposite sidewall . (Figure 10). These gauges were located in the same
vertical plane as the reinforcement bar gauges. At the gauge locations, the
exterior surfaces of the box culvert were sanded smooth and flat, and an epoxy
filler material was applied and allowed twenty-four hours to cure. This éurface
was then sanded smooth and the strain gauge,'which had previously been attached
to a 1- % 3-inch (25.4- x 76.2 mm) strip of .010-inch (0.3-mm) thick steel shim
stock, was applied using a phenolic~epoxy (Figure 11). After a short cufing

time, the gauge unit plus the immediate surrounding areas were covered with a
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Strain gauge mounted on exterior surface of culvert.

. Figure 11.
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commercially ‘produced, prepackaged, waterproof pad (Figure 12). Electrical
wiring was routed to a central collection point, near the center of the top
exterior surface of the box culvert (Figure 13). The wires were then inserted
into a small pipe, which ran througﬁ the top =slab of the culvert, to the.
connector box mounted on the ceiling surface.

Two additional strain gauge units were attached to separate 8- x 8- x 12~
ipch (203.2-x 203.2- x 304.8-mm) Class X concrete blocks. These units were to
be used as temperature—compensating gauges to complete the electrical circuits
necessary to obtain strain gauge readings, and were originally to be placed on
either side of the culvert in the sand-backfill material. However, due to
excessive vandalism in the construction area, these strain gauge units were
replaced with other gauges which were placed inside the conmector box mounted on
the ceiling inside the barrel of the culvert.

Eight Whittemore strain gauge plugs were installed into the interior surface
of both sidewalls and the top slab (Figure 14).- The plugs are located within the
same vertical plane that contains the electrical strain gauges on the reinforcement
‘bars and on' the exterior surface of the box culvert. Holes were &rilled, at
10-inch (254.0-mm)" centers, 'into’ the finished interior surfaces. Whittemore plugs
were then inserted and secured with a quick-setting, cement=grout mixture. This
installation allows a total of seven instrumentation readings per surface.

Sertlement reference devices were installed in groups of three at three
- different fill-height locations (Figure 15). These devices consisted of a
continuous vertical length of rigid 1-+1/2-inch (38.1-mm) PVC pipe connected to a -
24— x 24— x 1/4-inch (609.6- x 609.6- x 6.4-mm) horizontally pesitioned steel base
plate, located on a prepared bedrock surface (Figure 16). At 10-foot (3.05-m)

intervals, 24- % 24— x 1/8-inch (609.6- x 609.6- x 3.2-mm) steel settlement plates
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Waterproof covering on strain gauge mounted on exterior surface of culvert.

Figure 12.
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were installed parallel to the base plate. The settlement plates were placed to
sufficient heights to include the theoretical plane of equal settlement at each
fill-height location. These plates-had a 2 1/2-inch (63.5-mm) diameter hole in

the center to provide clearance‘for the PVC pipe. The standpipes at each

location were arranged on 10-foot (3.05-m) centers, with the center settlement

pipe base plate resting on the exterior surface of the finished culvert at the
centerline (Figure 17). The settlement .  reference devices were installed in a planme
parallel to the cross section of the barrel of the culvert. The devices on either
side of the culvert were placed immediately prior to backfilling the completed

culvert while the center standpipe was placed during the induced trench construc-

tion (Figure 18). A 1/4- x 1/4-inch (6.4~ x 6.4-mm) steel ring was attached 3 feet

(0.91 m) from the base plate to provide the starting point for settlement data

collection using the Settlement Plate Detection Probe. A protective, recessed
wooden box was placed around the top of each individual standpipe as it reached
the height of the fill. Access to the interior of the box is achieved through

the use of a removable cover plate,

SETTLEMENT PLATE DETECTION PROBE

‘The Settlement Plate Detection Probe was designed tc determine the amount of
movement of the settlement plates relative to their initial installation elevatioms.
The portable device is basically a 12-inch (304.8-mm) diameter hand-operated reel,
containing 120 feet (36.58 m) of cloth measuring tape, and a 3/4—inch (19,0-nmm)
diameter by 12-inch (304.8-mm) long electronic probe (Figure 19). The probe is
attached to one end of the tape. The tape has a pair of electrical wires woven to

it that transfer electrical impulses through the hub of the reel to a meter mounted

~on the framework. Within the probe there are three coils mounted in linme. The

center coil is excited by an AC signal, which is generated by an oscillator within




- 97 -

/— Final Grade

A Ly ) Ly

t—————— . | - Settlement Rods

N\
N\

-
-

Settlement FPlates

Fill Height

? Original Ground
yd

4 e = -+ — Induced Trench

_/ M ANTN SN NSNS -

Figure 17. Typical cross section of induced trench. showing
Settlement Reference Devices.

Bedrock Lean Mix Concrete Leveler



- 28 -~

1 -
‘u..!"‘
1

i'.
b

f
K
)

:
‘,; iy
sh AL

4 P d
5 it
u;.}wl b yf):
Rt Bl

1ces.

+h sand after installation of the settlement reference dev

x

.

ing wi

Backfill

Figure 18.




- 29 -

Settlement Plate Detection Probe.

Figure 19.
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the probe. The three coils are spaced so :the two outside coils are subjected

to the magnetic field preduced by the center-coil. Both outside coils are wired

so their output voltages oppose each other. Due to a slight variance in alignment
of the coils, a small voltage will exisﬁ at the output. This output progresses
through a.bridge detector and the output from the detector drives a meter. When
the probe‘is lowered through the hole din a ‘steel plate, a position is reached where
the magnetic flux above the plate and below the plate prodﬁce voltages in each coil
that.are equal. "This causes the coils te cancel each ether out and a sharp null is
produced on the meter. A depth reading“from the tape is 'taken when this null
occurs. Determination of movement of the-individual settlement plate is calculated
by subtracting this depth reading from the inftial depth reading at time of

installation.

PROBLEMS ENCOUNTERED DURING INSTRUMENTATION

One of the major problems encountered with the instrumentation was vandalism
which occurred ét least three times while extending the PVC pipe through the
embankment. The site is located near a residential area which is easily accessible
to many of the younger residents. 1In each incidence, the plastic pipe was broken
at or near the ground with much of the shattered material falling inside the pipe.
The fragments would tend tb lodge and block the pipes at various locatioms through-
out the height of each pipe. Several attempts have been made to dislodge the
material but the probe ig too large to pass through the obstructed areas. A
smaller probe is being designed and fabricated which may alleviate this situation.

Another problem, excessive displacement of the PVC stand pipes during
embankment compactioﬁ;was observed. This situatidn results in difficulty while

lowering the settlement plate detection device through the stand pipe. 1In addition
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to the probe becoming temporarily lodged at a displaced section of the stand-
pipe, the constant chafing of the probe suspenéion cable against these sections
accelerates wear and replacement of the support cable. With the use of a more
rigid pipe and careful embankment compaction near the pipe during construction,
the problems incurred with excessive pipe displacement should be lessened.

At least 50 percent of the electrical strain gauges placed on the
reinforcement bars and the outer surface of the concrete surfaces are not
functioning. The lack of data from the inoperative gauges has greatly complicated
the analysis in relating strain measurements to the possible combipation of loads
inducing the strains. From the nature of the readings, which are very unstable,
it appears that water has penetrated through the cable insulation or pqssibly at
the connection between the cable and the gauges. This is a common problem with
electrical gauges embedded in concrete or installed in an environment which is

highly saturated with moisture.

RECOMMENDATIONS

The settlement plate detection device used on this project consisted of an
electro-magnetic differential transformer (EMDT) which appears to have great
potential as a means of measuring embankment settlements. Although some problems
did occur with the instrumentatien during the course of this study, the ease of
using the EMDT device, and its accuracy, surpass that of other types of remote
settlement gauges, such as the water-leveling devices or utilizing settlement
reference rods that are extended during the comstruction of the embankment.

Extreme care, however, must be takemn during construction to avoid excessive
displacement of the standpipe when compacting the embankment near the pipe. Alég;
a more rigid pipe of a larger diameter is recommended when using the EMDI method

for measuring settlements within earth embankments.
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